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Abstract 
Electron tomography has been studied in various fields. Various methods have been developed to 
align projection sets to construct ideally focused reconstruction. In this paper, we present how to align 
the projection set to distinguish whether it has an ideal sinogram pattern or not by removing translation 
errors and vertical tilt errors. We also analyze some important properties for certain types of samples 
to identify whether the reconstruction image can be made through an ideal sinogram pattern. We 
provide a guideline for how to construct a better reconstruction image by scanning the sample through 
these properties. 
 
Introduction 
Electron tomography (ET) is becoming an increasingly important tool in various fields such as 
biological science and materials science for studying the three-dimensional structures [1-10]. ET 
allows computing three-dimensional reconstructions of objects from their projection recorded at 
several angles. ET makes it possible to directly visualize the molecular architectures of organelles, 
cells and complex virus as in vivo cellular dynamics [11-13]  
 
The principle of ET is the three-dimensional reconstruction of a specimen from a series of projection 
images taken with a transmission electron microscope. In ET, an individual biological sample is 
introduced into the electron microscope and a series of images (the so-called tilt series) is recorded by 
tilting the sample around a single-axis at different angles, typically over a tilt range of +/- 60 or 70 
degrees and at small increments of 1-2 degrees. Typical ET data sets range from 60 to 280 images. 
Due to the resolution requirements, the image size typically is 2048 x 2048, 4096 x 4096 or even 8192 
x 8192 pixels. 
 
Various methods have been developed to align projection sets to create ideally focused reconstruction 
in tomography [14-19]. A method for making an ideally focused reconstruction using the ideal 
sinogram pattern has also been developed. In this paper, we present how to align the projection set in 
ET [20]. It will first show how to distinguish whether it is an ideal sinogram pattern or not by 
removing translation errors and vertical tilt errors. Second, we analyze some important properties for 
certain types of samples in the ET. Those are caused by tilt range and it is important to identify 
whether the reconstruction image can be made through an ideal sinogram pattern. We provide a 
guideline for how to construct a better reconstruction image by scanning the sample through these 
properties. 
 
Analysis for ET sample data  
 
The electron tomography (ET) data obtained from the planar type samples were obtained by rotating 
the projection image from side to side based on the widely spread sample. This is similar to selecting 
an exact projection image when there is a limitation of tilt angle compare to when the data is obtained 
around a 180 degree rotation angle in tomography. In our ET sample, the projection images become 
blurred when the tilt angle is large in both negative and positive direction.  
 
Three projection images of a planar type are captured at the tilt angles of -37, 1 and 39 degrees (Fig 
1a). This sample includes several distinguishable shapes and computable points that can play a role as 
fixed points (FPs) including fiducial markers [21-26]. We selected two FPs that are distinguishable in 
the projection image set. The first fixed point is in the center of the hexagon shape, which is located 
near the actual rotational axis. This is to reduce the overall image shift when applied to the 𝑇0,𝜑(𝜃) 
function for the alignment solution [20]. The second fixed point is in the center of another hexagon 
that rotates as far as possible from the first fixed point. The height of the rectangle surrounding each 
fixed point was selected as the height of the figure including the hexagon surrounding each fixed point. 
This is to make it easy to see how well each part rotates when the tilt angle changes. Figure 1b shows 
the projection images obtained at the same angle shown in Fig. 1a on the projection image set that is 
aligned so that the first fixed point is on the 𝑇0,𝜑,ℎ𝑐(𝜃) function. We analyzed the trajectory 
movement of the second fixed point from the projection image set in Fig. 1b. The trajectory of the 
second fixed point showed the similar pattern with the trajectory of the sample with the vertical tilt 
error in [20]. Thus, we investigated the trajectory of the FPs at each axial level through the rotation of 
the projection image, and found that all FPs are on the 𝑇𝑟𝑛,𝜑𝑛(𝜃) in Fig. 1c. Figure 1c shows a 
rearranged projection image set without translation errors and vertical tilt error, and Fig 1d right panel 
shows a sinogram from the common layer at 1024 height. The sinogram from the common layer has 
the ideal sinogram pattern, however, the reconstruction from the data in Fig. 1e cannot be seen at all. 
Here, we found a new problem in the ET.  
 
 
Correlation between tilt angle set range and reconstruction. 
 
We have made the assumption that there will be a relationship between the tilt angle limit and the 
object’s appearance. To investigate, we made a two-dimensional image sample with a shape of 
3000*50 pixels similar to the shape of a real planar type sample. Here, we have checked the 
correlation with the reconstruction image by excluding the common layer, translation errors, and tilt 
errors and limiting the tilt angle in the ideal sinogram. Figure 2b left panel shows the ideal sinogram 
through a tilt angle from -70o to 70o using the radon transform and the sinogram from 00 to 1400 is 
shown in Fig.2b right. In order to see the pattern near tilt angle 00 in Fig.2b right, the maximum value 
of the density after the angle 700 is limited to the maximum value of the density of the projection 
image from the angle 700. When the tilt angle change, ∆θ, is different, it is necessary to investigate 
how the reconstruction using a sinogram through a tilt angle from -70o to 70o and the tilt angle through 
00 to 1400 differs. For ∆θ = 10, 0.50, and 0.150, reconstructions using above different tilt angle 
ranges mentioned above are shown in Fig. 2c, 2d and 2e, respectively. The top panel is the 
reconstruction through the tilt angle from -70o to 70o and the bottom panel is the reconstruction 
through the tilt angle from 00 to 1400. In the sinogram, the left is the top part in the reconstruction and 
the right is the bottom part in the reconstruction. These results illustrate that if the tilt angle range does 
not include -90o or 90o, increasing the number of projection images will no longer produce a clean 
image. 
Next, we examine what happens in the ET when the change in the shape changes rapidly in the 
projection image and the density change at a certain angle changes internally. Figure 3a shows an 
image sample that is round outside but has an ellipse shape inside. We examine the reconstruction 
image obtained from the portion of the ideal sinogram when the tilt angle passes through the major 
axis of the ellipse and when it does not. Figure 3b and 3c show sinograms (left) and reconstruction 
images (right) obtained using limited tilt angle (θ) range, from -700 to 700 and from 00 to 1400 with 
∆θ = 10, respectively. Fig. 3d shows a sinogram and its reconstruction through a tilt angle from 00 to 
1790 with ∆θ = 10. As shown in the yellow circle in the reconstruction image of Fig. 3b and 3c, if the 
sinogram does not include a tilt angle for a large change in density in the projection, then the error in 
the construction image becomes larger for tilt angle that is insufficient around a large change in density. 
 
 
 
Discussion 
 
ET can see ultra-fine material, but there is a limit to the tilt angle limit and the maximum image size to 
be selected in the projection image set. Thus, the choice of sample for reconstruction images is very 
important. When creating a reconstruction image, tomography combines the angular parts of each 
projection image to create the original image. This implies that the projection image should be clear.  
As shown in the projection image captured at tilt angle θ = −67° and 77° (Fig. 4), the projected 
image inside the orange colored box is not clear because of the effect that the angle of the planar type 
sample tilts and the thickness of the sample thickens. It is difficult to obtain a reconstruction image 
even if it is well aligned with the ideal sinogram pattern. In the previous sample test (Fig. 2), we found 
that a filtered inverse radon could be accompanied by a larger error in the reconstruction image if there 
was no projection image area contacting a tilt angle with rapidly changing density in the projection. 
This is very important since if the tilt angle for a region whose density changes rapidly within the 
sample is out of tilt angle range, it is impossible to get a good reconstruction image even if there are 
more projection image by making ∆θ samll. In obtaining a tomographic image, the change in density 
in the projection image is very important regardless of the sample type. For this purpose, it has been 
proposed that density should be expressed as mass attenuation coefficient (MAC) accumulation. It has 
also been studied that density is difficult to accurately preserve linearity, and small changes in density 
can affect reconstructions. This is important for obtaining a clear reconstruction image, however it is 
also a requirement to use the concept of center of attenuation.  
In this paper, we have also found that reconstructions cannot be done if density changes occur in a 
particular projection image and the projection image of the tilt angle is missed. This implies that 
reconstruction is difficult if a clean projection image cannot be obtained at an angle of 900 for the 
planar type sample. In order to obtain a planar type sample in ET, it is necessary to select the 
projection image to pass through the side of the sample by cutting it into a part that can be cleaned out. 
We used a test sample to test how the reconstruction image differs by adding a projection image for 
the angle of projection from 1100 to 2500, which is the opposite range of -700 to 700. However, the 
results are the same as what we used the previous tilt angle range. It has been studied that the 
reconstruction using a tilt angle range from 00 to 3600 is better than using the tilt angle range from 00 to 
1800 [27-33]. This means that if the projection set does not have an ideal sinogram pattern, then the 
average error is reduced by increasing the number of projection images and there is no difference in 
ideally focused reconstruction for samples with ideal sinogram patterns. It is important to obtain a 
clear projection image to obtain a better reconstruction, but it is difficult to obtain a correct 
reconstruction if there is no projection image for a tilt angle with a large change in density. This can be 
applied not only to ET but also to actual CT scan. By selecting a projection image around the tilt angle 
of a projection image with a large density change in CT, a clearer image can be obtained from a 
projection image set having a fixed number of images. 
 
It is important to find a common layer in order to obtain a better quality reconstruction image. It has 
been introduced how to remove translation errors and vertical tilt error and how to calculate the angle 
of parallel tilt error [20]. To identify if there are tilt errors in a sample, it can be distinguished by 
placing one fixed point on the projected virtual rotational axis using the virtual focusing method [20] 
and placing the other fixed point on the other trajectory. In the planar type sample, the second fixed 
could be applied to Trn,φn,hn(θ), making it an ideal sinogram pattern. If the projection set has a 
parallel tilt error, there is no common layer. In this case, only an overall optimal solution is possible. 
According to the method presented in this paper, the optimal solution is near the virtual rotational axis. 
To get a clearer view of the other parts in the sample, it is possible to apply a similar approach to the 
point of the part that we want to see to Trn,φn,hn(θ) function.  
 
  
  
 Method 
Virtual Focusing Method using Fixed Point 
The circular trajectory of a point p in the real space corresponds to a curve drawn by the sinusoidal 
function in the sinogram. The function is given by [20]  
𝑇𝑟,𝜑(𝜃) = 𝑟 ∗ cos(𝜃 − 𝜑) , 0 ≤ 𝜃 < 180°    (1) 
Where 𝑟  is the distance between the rotation axis and the point 𝑝. 𝜃 is the projecting angle, and 𝜑 
is the angle between the line 𝑂𝑝 ⃡     and the orthogonal line to the tilt angle at 𝜃 = 0.  
In ideal cases, the center 𝑂 is converted to 𝑇0,𝜑 in the sinogram, but not in the actual sinogram. 𝑇𝑟,𝜑 
is a function that shows how a specific point 𝑝 in the real space moves on the sinogram. In other 
words, if a point 𝑝 in the solid specimen rotates on the stage and the projected curve drawn by the 
movement of 𝑝 for each angle is the same as the sinusoidal curve by 𝑇𝑟,𝜑 in the sinogram, then the 
projected trajectories of other points in the specimen should satisfy the projected curves by 𝑇𝑟𝑛,𝜑𝑛. 
Let us first consider the points in the sample that can play a role as fixed points. Consider a point near 
the vertical line of the CCD for easy calculation. Let 𝑇0,𝜑,ℎ (the projection line of the virtual rotation 
axis) be the center of the CCD and place the first fixed point at the appropriate ℎ𝑐 so that the image is 
not cut off (see Fig. 1 and Fig. 5). In a projection image set without tilt errors, the trajectory of the 
fixed point appears as a straight line in the CCD. Also, when considering the union of common layers 
surrounding a specific part of a sample, a specific part at a certain height is drawn in a rotational orbit. 
Through this process, we found that the projection image has a tilt error since the trajectory of the 
second fixed point changes in height in the sample. To correct the tilt errors, rotate the second fixed 
point to a certain height in the projection image. However, this can only correct vertical tilt error. Now, 
we should look at the trajectory of the second fixed point through the rotated projection image set. If 
the second fixed point satisfied the function of 𝑇𝑟,𝜑(𝜃) in its common layer, all remaining points will 
satisfy the sinusoidal curve in the sinogram, which is the ideal sinogram pattern. If the second fixed 
point does not satisfy 𝑇𝑟,𝜑(𝜃), it is due to the parallel tilt error, and the trajectory of this trajectory of 
the fixed point will show the shape of ellipse on the CCD. In this case, the overall optimal 
reconstructions are possible. To see a specific region more clearly, it is possible to place the region on 
𝑇0,𝜑(𝜃), 
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Figure 1. Projection image set of Planar-type samples in ET. The data for the sample was obtained 
from NSLS II and captured at tilt angle of -670 and -770 with a small increment of 2 degrees. The size 
of each projection image is 2048 x 2048 pixels.  
 
 
a. Three projection images captured at tilt angle of −37°,  1° and 39°.  
b. Projection images with no translation errors by making the first fixed point equal height on the CCD and 
placing it on the projected virtual rotational axis. 
c. Projection images were rotated based on the first fixed point to fit the second fixed point to the same 
axial level and the vertical tilt error was removed from the projection image set. When we take one 
common layer according to the height, all distinguishable parts are on the common layer and move 
along 𝑇𝑟,𝜑(𝜃). This implies that there is no parallel tilt error and the modified projection set is an 
ideally arranged projection set. 
d. The original sinogram at 1024 axial level (left). The sinogram with ideal pattern at common level of 
2024 height in the ideally arranged projection set (right). 
e. none ideally focused reconstruction (left) and ideally focused reconstruction (right). Although 
reconstructed using an ideal sinogram pattern, only the shape of the void space can be distinguished. 
The projection set of Planar-type in ET is expected to have specific problems. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Reconstructions based on the limit of the tilt angle and the external shape of the sample in an 
image sample. In the projection image, the density changes greatly at the angle 900. If the tilt angle 
range does not include 900, no matter how much the number of projection images can be increased, it 
is not possible to obtain a clear reconstruction.  
 
a. Image sample 3000*50 
 
b. Sinograms according the tilt angle. A sinogram with the tilt angle range is from -700 to 700 (left) and  
  a sinogram with the angle range is from 00 to 1400 (right) 
 
c. Reconstructions using different tilt angle ranges with ∆𝜃 =  1°. A reconstruction through tilt angle 
ranges from 700 to 700 (top) and a reconstruction through tilt angle ranges from 00 to 1400 (bottom) 
 
d. Reconstructions using different tilt angle ranges with ∆𝜃 =  0.5°. A reconstruction through tilt 
angle ranges from 700 to 700 (top) and a reconstruction through tilt angle ranges from 00 to 1400 
(bottom) 
 
e. Reconstructions using different tilt angle ranges with ∆𝜃 =  0.15°. A reconstruction through tilt 
angle ranges from 700 to 700 (top) and a reconstruction through tilt angle ranges from 00 to 1400 
(bottom).  
 
 
 
 
 
 
  
 
 
Figure 3. A reconstruction image sample according to the limitation of tilt angle range and internal 
shape of the sample. 
 
a. A sinogram and reconstruction image with tilt angle range from −70° to 70° with ∆𝜃 =  1°. 
b. A sinogram and reconstruction image with tilt angle range from 0° to 140° with ∆𝜃 =  1°. 
c. A sinogram and reconstruction image with tilt angle range from 0° to 179° with ∆𝜃 =  1°. 
 
 
 
 
 
 
 
 
 
Figure 4. Projection images of a planar-type sample with different tilt angle. The inside of the orange 
box becomes blurred due to the change in tilt angle. The image capture at tilt angle −67 (left) and at 
77° (right) 
 
 
 
  
 
Figure 5. An overview of the methodology we use for alignment of ET projection image set. First, find 
two fixed points and modify the translation error through the first fixed point. And then, by placing the 
second fixed point at a specific layer, an image set with only vertical tilt errors can be made into an 
ideal sinogram pattern. If the sinogram after modifying the vertical tilt error does not have an ideal 
pattern, this is due to the parallel tilt error, and an overall optimal reconstruction is possible by finding 
the elliptical trajectory of the second fixed point on the CCD. 
